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S2?RUCY-URAL
,.

TESTS OF A STAIi?LE3SSTEE2LWING
,,

BY HYDRO”S.jAT.IC iOADING “,
. .

. —
.——

Bj Ralph H. UpsoQ —.—

SU3~i4ARY. . ,-
.. . ,,

A simplified type of all-metal wing construction of
12-8, spot-welded except for the skin a-ttachnent,”~ai. ...

tested %Y neans of hydrostatic loadi”ng”,--the‘wingbeing
proportioned to permit close .ie&resentationof typical ——

conditions by means of the ws.terhead.‘“ -.

The geaeral priaciqle of de’signwas to apply the skin
on the wi~g und-erCofitrolledinitial t“ensionand to uti~
lize a finite internal pressure ‘in fliGht. ‘The initial”
tensioning was fouridto be an essential fac}or ar.dthe in-
ternal pressure “inflight .an important factor,“although.,””””‘“- --—

ileithel’ wa,sc.r,iticalwith respeet to small ‘;a-riations.., ..,-. ..—
The results showed the possibility of eliminating al-

nost all of the stiffeners froii‘aetressed-sk,inwin”g,’the —
possible reduction of weight in slightly’loa”ded w~figand
of substantial cost in the construction of”any all--me+al“- ‘---
wing. Yurther experi~ents are suggested,”hdwe~er,”on th~
ma~aitude and the ef:ect of slight “surfa&”E‘Irreguiiarities
and OL the co~tribution of the c’ompltitewing tip. “’Adis-,
cussion of these suggested experiments is not included ia
the present pa~er. ...—_ .,:——.

With certain recommended i,mpro~e~ents$the test meth-
od .iescribedis believed to %e a tialuahleO,utefor research
on any new type of wing construction, pa’rticularly–~ri”--
CSLSGSwhere the co~eria~, regardless of m“at~-rial”-o-rar-”””
rangcnent, is questionable. ..- -—

—..... ._._

IiT~RODUCTION

Eron fornulas do~oloped in referen,c~1, .itcan’be
shown that a fabric wirI&(fig. 1) ‘islighter than a .metal-
covored wing of prevailing construction (f”i&*”2) only by ‘“–
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the weight of the naterial required to handle the”local
pressure loads and to transmit them to the prinary bean
str=ctureg Although this conclusion as tO the source of
the v;eiGhtdifference might be regarded as merely con-
fining cormon.knowledge, the reason for the condition
is not established since most of-the--weight,strength,
and stiffness criterions for the materials themselves
favor the metal rather than the doped fabric.

As ]~ighthe expected, the discrepancy between theory
and present practice is especially notable for lightly
loaded wings and for a dense material, like steel. In
this case thrsupposed necessity of closely spaced stif-
feners or corrugations not only iacreases the weight but
presents a serious cost problen.

The prinary object cf the tests described herein is
to show the possibilities that may e’~istfor an “all-metal
wingwith even fewer parts than a fabric wing. If the
arrangement is siuple ecough, netal can conpa~e alrectlT-
with fabric both i~ weight and in cost, and at tho sane
tim’e’will provide well-known advantages of netals:.
stiffness, durability, resistaaco to fire, aad general
integrity of fern and structure. Figure K shows the ar-
rangcnent of parts in the wing paael built.to test the
possibilities neatioaed.

Because the problcn directly involves local pressures
and strains in ralati~~ly large, unsupported s~iq panels,
it was Pecessary to de~clop a ne’thodof testing that would
set Up theso force~ and roactfons in their true.relation-
ship without the iriterferonceDad uncertzrintyinvolved b
shot ba~e or load pads. ‘Itsecned inportaut also to con-
sider the effect of variable internal pressure, at least
betwcon the limits of zero (atmospheric)pressure and EKLX-
inun dyaeaic pr.ess-uroq.
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Prclininary”analysis show~d that the d.osiredflight
conditions can be closely sifiulatedby naking tho win~
wat~rtight, nounting it in an inverted position, and <ill-
ing it with water. With tho proper waterhcad anclfncli-
na-tiou,aerodynamic load distribution is then approximated,

..

any desirad Internal press-~resupertapo~ed, ~,ndadditional \
loads applied to a bean extcns-ioaaad tm a torque arn at-
tached for t-hepurpose.

----s=.....-
b

If well-known principles Qf structural node.lsarc
,-

usod$ such ZS hnvo been applied to r~search on airship
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hulls (reference 2), it is possible to “test hydrosta-ticallj ‘-
the structure of alnost a-nywing. This stateneat is SUF-””
ject to the ,qualificat,ion,.howover,that when coafined to
the use of.water for “theload elenent the nodel w-illin
many cases be larger than the full-size wing. Tor the
preseat tests, conditions are selected.that will nako the
scale fnctor unity; such co~ditions-arci’ne.tby a ‘lightly
locd.cdwing i.ilwhich the proposed type of,structure will
show the greatest ad~a,ntagos ——

It is believed, hbweyer, that both the type of struc-
ture and the.test method cca be used ad~nntageously for
higher wiag loadings nnd other materials,-particularly
!rithrespect to reducing.production ctist.” -- ...—.——

‘#I;JGCEARA.CTEEISTICS .-

General Pro~orti’ons
.

The desired relationship between the aerodynamic and
hydrostatic test pressure at the top of any wing is ap-
proximately attained under conditions of operation that
make the pressure difference, in pounds per square foo”t,
across the maximum section, numerically.equal to 62.4

.—

tines the thicknoss”,ofthe”wing in feet. Tho equivalent
hydrostatic unit-spanwise loading is equal to 62’~”4times

.

the saction area in squaro feet plus twice the unit wing
weight, per unit local span. It then remains to assume s-ucl
airplane characteristics that the foregoing cond,itioris”-will
be satisfied for a speed, loading, etc., that will be of
practical interest. .. .

The aerodynamic and hydrostatic pressure distribu-
tions are most closely comparable for an airfoil with a

.—

well-rounded top surface in combination with a near~y f~
bottom. II’orthis reason, and,to take ad.~aqtageof ektst- , ___
ing aerodynamic pressure d~ta (reference 3),”the KACA
4400-series airfoil was used, exce-pt,that.the camber line “-”--
was slightly nodified ~ehind the 40-percent po”int. l?or,’-
points behind 40-percent chord, the camber-line equation: ““ –

=’4-
(x.- 40)2 + (x - 4.0.)5’2

caabor ordinate (percent ,chord)
400 ‘5580

where x is the abscissa in percent @-chord behind the
leading edge. .

—
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This change avoids the discozrtinuityiJZcurvature
otherwise existing.at.tlie40-percent yoint; ~t pe~gits
a more straightforward”skiri-si-cv”ess’analysis, the other
characteristics being only s“lightl”y“affe”cted.

The.i]lanform is shown in figure.4. Outboard-of the
test ~anel”root the wing is assumed to be straight te.pered
on a straight 0.305 line.. A t;’picalsection at the center
(VOIUKLece~ter of middle skin pkme3) “h=s 44 iaches nominal..
chord, 6.75 i~ches (15.35 percent) thiokness~ and the t-op
skin radius”is 40 inches at.Q.”3CC. Dhe terms top and bot-
tom will refer.t~ the wing id its normal f-lyingposition.

The areas listed iadlude’a flap extending from 90
Eercent to 110 perceat of the h~.l”fb“chor~’-ci ‘~he act=l
test section terminates with the flap hinge line at 0.90c,
tb.erear spar web beitigat:0;a6c”,which makes the water-
filled plan-form area 18.45 square fe+-t... Except for the
fla~s-down .Co.ndition;.ti& =xtended trailing edge is assumed
to be in a neutral mosition with respect to the basic air-

?fome”nt~ogfficients are givenfoil section. .,, in te.rasof
the basic chord c.

Structural Iles,ign “

v

—.—.

- ... .._—
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Stainless steel 19-”8w&s us”tidih~”ug”houtthe struc~urey .“.:
,*--=

the frame being $rpot+clted(fig. 5). “Tlie”skin of the same
mat.erie’lwas 0.005 inch, haYf hard, sc”revjedto the ribs ‘

i-—
......-:+

with 4hakeproof no. 4-40 skr>ws sp~ced 1/2 inch’apart and - . ;._j
with no stiffeners except ‘oneat.the extreme leadi.n~edge~ .+

The siiigle-beamweb was at.”0..3Gc,”the flatige~tiktenfling ‘“- .-~‘.1:
forward and unattached to tne skin. The flqp s~a.rwas at
o.86cio o*9ac. The unit weight,was 1.5 pounds per square
foot’and designed to carry 10.7 p:otindsper sq-~arefeat

.

wing loading.
~-.,

,,

In orderto yro~ide a~ i~tern~l structuve consistent
with the 24-ititihskin width, a rib”spacing of 23-2/2 inches
was.use~, braced’in the to~ suirf-aco.bydiagonal members in

——

a direction to take compression:du6 to negati~e torque and
dr% 10CL6S= (The diagoaals.wei-elater rcmo~ed.)

The rib-flange
k

elements were of 3/8-ky-l/2-by-O.02Cl-
inch angle s~ctionfull hard: Those angles were 3cnt ky
crimping, and cross-braced by hat lattices.” The diagonils #
were of the same hat section, with the skin across the
opelz.face.

,: —-—
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In figures 3 and 5 the basic simplicity -ofthe struc-
ture is readily apparent. The structure in~olv.esbut fei;
parts aad a.small fraction .ofthe amount of welding hither-
to thought necessary in a stainless steel”wing. Although
it seened possible t,ha,tthis.,sirnplificationhad been car-
ried too far, it was”desirable to lean in the direction of
o~er-simplification for an experimental structure in order
to establish safe l~mits for practical use later.

The test panel was made substantially watertight by
the use of a standard caulking compoumcl. An actual”wing”
will be vented ‘tothe air to the extent required fo_rany
wing of similar size and performance characteristics. The. —
vents, however, will be segregated in positions %hat ‘Jill
give a range of ,pressurefor different conditions bes~” .——

suited to the structural effect desired.
.-

The represents-,
tion of such pressures in the test panel will be made more
clear in the description of the means for produc”i.ngthem
hydrostatically.

. The.end bulkheads were of solid steel plate, stiffened
around the edges, with the necessary mounting attacrhnents
and water connections. Bean en”dtorque arms’were carried
at tha outer end for the application of additional loads

.-
.. —

,-

Skin !Sests.and Attachment

Tests on skin samples, 9.0050 to 0-0052 inch half
hard , showed the same ultinate tensile stre~’gth~n both
directions: 145,000 pounds;p“ersquare inch or 750 pounds
per inch. A screwed sample, with.,%hedesigned setimpro-
portions, tested in tension across the grain of the sheet,
had substantial,yield at 140 pounds per screw a.hdfaii;i
at 150 pounds per screw o:r300 poundp ygr,inch o: scam.

For skin e,ppli”catibn.,the test pahel with the skin .
on but not joined was.mou~t”edrigh~-si.de-up~it~ the basic
chord horizontal. An up.w&d.“loadof.360.’pog,ds~was jut
on the “oeamarm extension at 0.30c and-“1-09’.inches out from
the panel center, equivalent to a l’oadfacto> of 1..90in
the wing-beam .flanges- As this loading resulted in a sub-
stantial positive twi’st,the tip ,tr--ilin-ge,dg~.,,wasj~cke,d
up with Q force of 64 pounds,suf”f”icientt~:,r”e’d~c~th”e~wis”t
to 0.0035 radian and to increa~”hth6’-loacXfactor to 2.04. .

.——.

After ail interval of 16 hours, with the sp,rne~&m lord, no
appreciable cliangewas observed in the b’eamor torque de-
flection but the tre.iling-edgeforce had dropped to 55

..—
.——

.—

—
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poun&s. The position was theqfi+pd h~ blocking up t~e
bean erm, and:the’tm”pskin,wa~s’j’o’ihc~,“w,i,ththo””beam .
flaage load factor a~p’i’.iximate.lyl’;.6,.At”the rooti 2.0 at
the panel ce:terj and’.2.7‘att,hetip; the””corresponding

‘12.,,shear load factors.were 0“.8,,,-. “,~nd”1.8, re’syectivcly.‘., ,.

Aft,er.the top ski~z,w+s”~ttached~”th’e~a~el ~tasin-
~ert~d, 40-p”ouridsof torque arc aad heap’reih’forcin~weight
woro removed, and a “jackforce of 200-‘poundswas’applied
at ,thccenter Pf the.bean arm extension at 30 percent
cho~d and at 78 inches from the panel cent=~. With the
test pa~~l thus Ioacled,the bottom ski~ was joined.

Required Loads *-, ..

The .xcquirenentsacd notntio~ fron refere~ces 4 and””5’-
aro em~loyed in the foL20winG outline of flig~.tconditions.

Condition 1“of the CAA which is ctitical f-orthe wing -
beam, at a maxiati”dyfiamicpressure q = 36.9, flakesthe
Ioo;dfactor n s 4.67; Cn = 1.35; Cc = -0:29 (perpen-
dicular t-othe spar web); aud % = ~0.08 about tho .nero-
dynamic ce~ter nt 25 percent of the ba”sicDean aerodynamic
chord.

Condition TII with 30° flaps at q“”= 25.6, fiakes n =
2.00; CD.= o.a4; cc = 0.14; and Cll= 40.25 about &ho
same aerodyilaniccenters Wtth con~e~tional,constr~~tion
this condition would be less critical in torque then con-
dition III, but because of the lower availa%le ~rossure
ciiffcreaceon the skin tho tendency of coadition VII to
shear”wrinkles may be increased.

~or’the given wing proportions (,table11)”aid a
slight ce-atersection cut-out, it is safe to”assume that
the spariis loaded””uniformlyin porportiou to,the cho~d.
For preseat purposes the wing weight iS assumed.t-obe
similarly distributed: ,. .,

w

—-

—
8

---
b

-
—

-—

..—

i-
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With r.wing loading of 10.7 pouzds por square foot
and a.wing weight of 1.5 pcunds per square f~ot, the net
effective loading (for span distribution) is 9.2n pounds
per square foot, where n is the load factor. If thi-s
loading is applied as a fact~r to columns 4 and 5 in table
II, it gives the total .sk.earand bending nonent, respec-
tively. Thus, the static root moment is 29,200 inch-
pouads, ~~liichfor an effective %eaa depth of 7.11 inches
gives a flange force of 4100 pounds. The total static
shear at the panel root is 412 pounds. With an included
angle between the %ecm flanges of 0.0!325radian, the shear
carried by the beam web is reduced by 4100 pouildstines —

0.0325 = 133 pounds, and a net web shear of 279 pounds
remnins (if it is assumed that none is carried around the
lea.ding.edgeand the trailing edge).

.—_
In a sinilar nanner, the required torque on any sec-

tion equalsthe figure in the last column of tabl’e11 nul-
tiplieilby 0.107 n(x.- 25) + Cnq + 0.015 n(40 - x) where
x is the point (in percent chord) about which the tor~uo
is desired, CM is the nonent coefficient about the .quar50r
chord, a~d q is the dynanic pressure. The last tern ap-”
proxinates the effect of the wing weight, its center o~
gr,zvitybeing assuned at 0.40c.

Test Conditions

The nethod of nounting is shown in figure 6. At the
panel cecter (see table II), where nest “o-f---the”test data”
were taken, the static flange force and the net web shear
aro 2850 pounds and 207 pounds, respectively. Since the
section area of the upper beam flange at thf,sp-o-intis
0.264 square inch , its static stress is 10,800 pOiiiias-‘-
per square inch. This stress value tentatively neglects
secondary stresses due to skin tension and l$eamstresses ‘
carried ly the leading edge ar.dthe rear spar. Multiply-
ing by the load factor gives the actual stress.

Integration of the wafer-filled section between the ~~
leading edge and 0.86c gives a section area of A =
o.66czmax at a center-of-gravity po-sition Z = 0.40c
back of the leading edge, where ‘max” is the maximum sec-
tion depth (fig. ? and table II)...





water,wet-s‘tensionwrinkles in the -bottonradiating fron
the tip e~d of .t~e.bean flange. Thesewrinkles were .—

spread out but not=lininated ,by.iqs.tailingtwo supplenen-
tcry tensiba strajs f.rbnthcbean arn’to the panel tip.
The sate coadition was accentuated in the.case of t-lie
water-loaded wins at low internal pressure, as sh~wn ip
figure 9.

-..———
,.

A hollow, loose spot above the’leading edge in the
root skin pa~.eland a slight one in the center panel .w.ere
a~ridentlydue to the nttachne~t of the skin to a straight
le~.diag-edgestiffener an~ the subsequent deflection~nt?. ..__
a curve during attachment to the ribs.

Snail wrinkles in the top skin at the root end of
the bean flange coincidel with the pointat-which the

-..—

section thickness had been increased to carry tb.eskin over
base plates in tho nounting structure.

Other slight local puckers were visible aloa~ se~n
lines, particularly at rib 2 near the wing bean and the
trailing-ed~e spar. The soans in general were.sonewhat -
wavy, e.pp.are~-tlyEecausc of deposits of the caulk”ingcoE-
pouad between the screws.

-—

;i.’san C?xperinentto tast.the sound-deadening quali-
ties of aa aspho,ltuzzpreparation.adrocatad by its nahu-
facturers, sone of this conpound wcs sprayed on the ins-ide
of .thobotton on the.niddle ar~dtip panels. In conpa-;ison
with theuatreatcd root panel, the effect wr.sclearly ap- .—

precicble, but it was believed that the difference was not.
worth the average increase in weight ~f 0.1 pound per square
foot that would be iavolved. .It appears possible,”however,
that a nore effective-distribution of the aaterial night
be found.

As showiiin figure 6, the bean .antltorque strain
neasurenents wore taken at the ends of a tra~sverse rod
nounted across the tip tit70:5”Inches fro~ the root, with
its front ~.ndrear ends 46 an”d54 iackes, respectively, ‘--”
fron the bean web. The rofl,100 inohcs lon~, Gave”a read-

--

ing of 0.01 radian twist for a 1-inch difference in height
at the ends. The elastic or shear axis’ was establik~ed

..—. —.

at the point at which the.re’wasno vertical cleflectionfor
a change of torque alone. Yunericall”y,,the beAn deflect-
ion probably includes some deflection of the rciotbulk-
head cmd nGuating fixture. .-

. .

...-
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Preliminary test-swith no wster showed that with the
residual tm-rquedue to the panel and equipment weight, as
listed in table 1, the tip had a “positivetwist of O.O1O2
raaiaa. Increasing the bean nonent (at the pr.nelcenter)
by 15,900 inch-pounds deflected the tip at the web 0.3’7
inch.

A superimpos~d oouple o“f-1OGO.inoh-pounds.decrc~sed
the twist by 0.0031radian..aroundan elastic center sliGht-
ly behind the web.

Hydrostatic Test Procedure
.

Unless othervr”isostated, test date.rofcr to the panel
center (volunc canter-of center “skin-pRnel), Tho load
f~,cto~ ~ is the hpnding moment at=this,p~int divided by
the static bending pouont.

For each conditio~ listed in table ~11, a nfid H
were chosea to Sive a pressure distribution over the t-op”
of the wi~,g(on the chord section)“as ne& as possible
t~ tho avora~e difforc~ce between the presciibe~ ~ntern~l .
pressure and tho outsi?.enerodynanic press-arc. The angle
a is ncas-~rcdin radians betwebn the root basic chor:l
~~~t. n horizontal plane,-and H is”the watcrhead iriinches
above..thcwing bcsttonat--O*86C. ,.

,..

Tor the half-linit—lost of condition 111 of the CiiA
the aGreefientbotw-eenthe aeroflynnnic“andhydrostatic
pressures ‘iS,alaost exact ovti,rth”eentire tGp ofihe wfng
section, p.s“sho-wnby the dofted curve’c.t%ho top.O&fi~ “:.’
ure 8. Tileconpr.r~sonsof the two curves for tae full
linit of conditions III and VII.cre skQwn.in thp sa.~~ .fig-,.,,
urc. ,.,, ., .

!2hc-no”tr.alproc’eilurewas to apply thnilfu31”’req<i-red ___
extrc bean lonii,at “kkeplane-of the boaa w6’Bantit~o~lto-
shift the lead .iti50-pouad incre’rests(eq-~”i,v~llg.ntto 1000 .
inch-pouads)‘outi-tathe end of th-e20-incii,torquparn
(fig. 6) to c total at least equal to the required t“orquo
load..

k the twist was a substantially linear,function qfi
torque-in”allcases, the results.ib tr.bl&IV give tho
total twist (colunn 9) only for the one torque correspond-
ing to the a.ssiGaedcondition of loading, with t~e r:lt-e
of change .ia column 10*

. .
.
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. Colurm 11 gives the approximate effcctiv.einternal
pressure in flight, as.a proportion of the maxinun dyn”anic
pressure, apd counting atnosphoric pressure as “zero. ‘““

Figure 1.0shows the method used to locate the elastic
center, which “was approximately 4 inches %ehind the web
for all conditions. It ‘couldnot be determined “nor~ .
closely because,of the saall angles of twist and the dif-
ficulty of ae,asuringdeflections to within L/32’of an .

iilCh.* —

Results -—=———. --—-

The only pernaneat set obsorved in individual parts
—

up to linit lo.ndiagwas due to th~ bow ifithe forward rib
flanges under conilitioasof high pressure, wh”ic~w_illbe

...._

referred to later.
.. .. —...—

—

Under static load conditions (n = 1) there woro no
appreciable wrinkles in the top skin at ar.yinternal pres-
sure from atno.sphsric.to maxinun dynamic pressure. The
spanwise wriakles in the bottom, howeve~’iwere shoothe”d

-.—

out only at pressures approaching nax.inufidynanic pressure
(24.4pounds per squa~e foot). Bulging of the top skin- ‘“–-
was..verynoticeable under large bending none”~tsconbitied
with a large head of water. ghis bulging caused short
wrinkles along the rib sea~s directed-toward the center

..—____

of each individual skin panel. (Stiefigs. 11 and 12.)
‘Witha center bending nonent of 28,600 itich-pounds(at ‘“-““
half the linit-lost factor of condition 111), the top
bulge was about 1/16 iuch, this d~flection being nearly
constant over nest-of tho skin width between-ribs (fig.
13). With thediagonals in place,these wrinkles along
the ribs tended to slaat in the.direction of tIie--”-dl&gonals,
even against the effect of substantial applied torque,
thus indicating a harnful effect of the diagonals.”

With the diagonals cut, the slant of th”erib wrinkles
was reversed for noderate torque. The d~fferericein
twist i~ithand without diagonals WQSSO sr.i.nllthat+~i ._ _
could not be ~easured accurately. Thewrinkles werd def---
initcly reduced at the 1.6 “load factor and were just per-
ceptible at about 1-3- ‘Wrinkles“werenot visible con-
pletely across the top center panel until a torque of
4,000 inch-pounds was applied. This torque was 230 per-
cent greater thnn required for the half–lirii~load of

.—

condition III. With 4,?00 inch-pounds the wrinkles were



..
,.

not r~uchmore pronounced. ‘They occurre~ sooner in the
root paael sac?later in the tip paael. A hysteresis ef-
fect caused the wrinkles to ilisappe=rat about 500.inch-
POUZSS lover torque than that at which the-yformed (half-
linit bean load of condition III at atmospheric precsure).

h J.istiactout~:ardbow was noticed in tile botto~ rib
flanges :ust forward of ~l:ebeam when the head of water
was lar~e. T:lisbow was caused b;?an abnormally hi~h out-
ward pi’esSllre.In e.ctualfli~h.t,the bottom skin pressune
(outvard) is slightly negative for zero internc,lpressure.
For the half-linit load of condition 111 the pressure at
this point I:Ia$ -1.1’7 pounds ~er squp.refoot, 2s fairly well
represented ‘oythe ~~afjey.~or hj.~1.erLo:.tifactors, the
botton skin pressu~e -.fo-ddactually be a grezter aegative
value. ln or~er to approximewtetfi~average :op skin ~re~-

su:-esat the hi~her load factors, however, the bottom-pres-
sure was necessarily iacreasei to a fictitiously high valve.

M-$0r the conpletioa of the tests recorded by table
~T,r,the yaasl W=S drai~ed and a ctieckwas nade of the top
skin te:lsioa‘Jymountin:;the panel upril:hta~d observing
the be~d.in:;aoment aecessary to make the skin panel just -
Slr.ck. This bending mom’entiwas approximately Z2,?C0 iach-
pou~.ds&t the center, corresponding to n = 1.34 and a
flange stress of 14,400 pounds per square iach, a 3“3-per-
c.entred-c.ctionfrom the bending moment used i~ applying
tile skin. !Phisredv.ctionis thought to be due mainly to
creep atithe SCl?eir holes illbearin~. ,-

. . iinal test.to fl-estr-~ctiouwas made-of the beam
structure uader condition I (fig, 14). Altl.lon@atests of
the izternal structure were aot includedia the present
project, it is of interest to note that buckling of the
c’oripressionflange proCLuce3no failure or leakage in the
skin.

J\snik:htbe ~%pected froritlzefirst use of a new
method, several‘improvementsare ir!!dicatedfor future use
of hydrostatic vi~g testing: ...

1. In orded to avoid,local seam,.irregularities, lit-
tle if any caulking paste should be p-dtwithin
the seam lap. Zinal watertightnes~ should he

b

—
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—
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.,

obtainei; in preference, by use of a liquiii
caulking c~npound applied fron the outside.
This nethod,was tried 10C-61ZYw17thconplete
success.-

2. Because of the snail deflections to 30 neasured,
deflection gages .cZpable of magnifying the
readin~s ab~ut ten tines should be used in
prefer~nce to direct neasureneuts. “Strain
gages for.direct neasurenent of the skin
strain proved to ho neither feasible n.oiF ..-”

worth while.

3. Determination of surface wnviness to a nr.gnitude
as low as O.OG1 inch in 1 inch will apparently
be aninportant consideration in future tests
for correlation with air-flowexpcri~~entsOn “
the location.cf the transition point fron lani-
Lnarto turb-flentflow. A.suggested nethod of
taking such neasurerientsof fih.esurface”is by ““
the use of a Tuckernqn strain gage set at risht-”
angles to its usur.1position, to neasure the
vertical rise or depression “bet}r”ec”ntwo other ‘-
contact points. All contacts for this purpos-e” -
nust be ver~ light. .—

4. As previously indicated, the use of water in the
actual wing section ~isrestricted ‘by its den--
sity to relatively low wing loadings, ,s~eeds,
and load factors. It appears possible, how-
ever, to extend greatly the practical applica-
tion of the ncthod by the use of heavier liquids.
One suggestion i,s that, with fine netallic par-
ticles or other particles in col16”~51 suspe”n-
sioa (e.g., red lead paint) it nay be possible
to get a practical liquid with a specific gravi-
ty up to at,leas-t3. Data on various niscible
niner.nlspossthle for use in”preparing liquids
of high syocific gravity aro given in reference
6, page-109b .—

5. Especially in conjunc:io,n wi,t~-the choice of Liq-
ui~s varying in spcctfic gravity, it l?ecor3t?s
desirable to ,applythe netho,dto a conp”re=o
half-wing, which wil-1avoid the necosslty for
such substantial added loads and will sh.ow-””the
requirements with respect .tothe tip structure.

.



The nethod of test ‘isn:nplicableto any typo Cf wing
construction, with either ~otal, wood, or fabric ccver.
In the ca’seof fabric, for exanpl.o,it furnishes a neans
for tho quaatitati.vestu?.yof f-abricstrength and tight-
ness, rlb spaci.ng..andstructural ariai~~c~ent,pressure
eff”ects,etc., that have hitherto boefidecidedly ls.ckin~
in such design.

—.

As the tests indicated, the qllo$tio~Of’ how nUCh the
internal pressure should be droppod bcl~w no,xi.cticlynanic
prossurc nust st-illbo sottlede Tho single stiffuner
used in the test panel proved zm:pl~.for”str-2ctural”-pur-

—.

poses ovea o,tprcseures Lcvfito zero. At certain loca-
tions ~f the stn[;nntionpoint, how~ver, the application of _
outsid.cpressure groator than tfieinsiiicc~used a sli.@~t
elc.sticCUp~Ji12~ of“the skin betwoor,rihs~ The aerodynamic
effect of such :Iofsrnationoould be determined as part of
.-.moro general study of air flow con~itions, Frcferably
on a full-scale ‘structu’rdpanel.

..

~he results indicate the general feasibility of a
simplified all-metal constrv.ctionin which very thin skin
(in this case 0.GC5 inch) carries finslon only, withouti
stiffeners or diagonals aad with a rtb spacing,of 2 feet.
Staiic loads including torque were carried without visi-
ble wriukling; writiclingat higher ,loadfactors was almost
entixely confi:~edto the ~eighborhood of tb.ee~~e attach-
ments aloag the chord.”lines. ..

—
Iaitial stressing, particularl~ of $ke top skin in

a spanwise direct-ioa,was beneficial and could.undo-~btedly
be increased to afivantaga,es~ocially toward the root.
The sp.a~wisetei~sioningof the lower skin should.,if any-
thing, be reduced in favor of a little c>ordwise tension-
ing,in the flat portion. Ia order to allow for skin looscc-
ii~~ when applying iho skin and rtndarflight conditions,
the initial strain in the structur,~sho-~ldbo r.adeat.least
50 porccat @r.e&tertihan tho f~nal strain difforonce that
is desired. A stiff wizg tip is shown to be of ad7cu~taga-

Chordwiso curvature, while,helping to carry the loads
encouraged edge wrir.kles:b-cnce,a better balance of st.r-Jc-
tural proportions WOU.13require less curvature in the for-
ward part of the wing except near the--extremoleadih~ cigo
where local stiffeni.n.qcar-be retained.

—
c
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—
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Because of the lnrgo external suctl.on over the toy,
internal pressure above atmospheric was foun~ to be of “-–”-
but sli~ht benefit oa the top skin but ‘tendedto s~ooth
out spaiiwisewrin”~lcsin the bottom “skin. Yressure E2s””–
high as naxinum iiy~amicyressure was definitely harmful
in every case except for flap condition VII at a naxinm
speed of 100 niles per hour. The skin uas not sefi=tive ‘-—
to snsll variations of pressure. Torque stiffnefi.swas
greatest at the higher pressures. - ———.

For a wicg approxi~ating the -tiesiSncharacteristics
here shown, the best position of the ~;irvents wauld ay- .—
pear to be in the botton just forwc.rdof the flaps- This
position ~~ouldinduce au internal pressur~ of 0.2q to_ ._

0.3q for aornal operating coz~itions, the pressure would
increase to 0.7q with flaps &own 300. .-

T’kLewing; as dcsi~ned for a wing lcadin~ of 10.7
pounds per square foot, irasabout “25perc”entlighter “t-ban
the convectional nll-nctal constr~<c.tioafor the sarieload-
ing (reference 1) .=--—.‘and it sG,vc3d75 perc~ of the-“faste-ri-
ings (spot :rcldsor rivets,\ that woqildbe used ir~an ‘-––—
equivalent “COn7eiitiOnalconstruction. In stiffness, at
zero pressure, the winG is 4G percent shove the “p&e–s=t
CAA rcquironents (reference 5); -withthe suggested pres-. .—
sure coutrol, it is nearly 80 percent above these require-
nentso ...._......--

If the saving in faste~ings, laps, and incidental
irregularities is ayplted to curreut rivotet coastructicn,
it is esticated.fron reference 7 thbt the parasite wi~g
ciragwill be red~~cedabo-atIz.percent for couat’eis@k riv--
ets and jo.gGledlaps cr 25 percent for brazier-hea~ rivets
ZLZ23plzin Laps.

On the other hand, fron reference 8, a continuous
wave 3 inches wide and 0e02.inch b.ighat 10.5c on the up-
per ~urface will increase the drag 6 perc5nt. Alt-Ii6u<g%- -
the waviness under nornal flight conditio~s was a.ppartirit-
lY of a small order of nagnitude, the comlitioa a~d its ““
effects shGulilbe accurately determined by nethods such
as have been suggested. ——. ,.

—

Stout Skycrnft Corporation,
Dearborn, Micho, Octobor 4, 1940C

--



J.-. L

—.

—.

.—
-.

—

. .—

.

. .
—

.-

-.—

b

.-



.

. . ,.

.

. Attention is at first confiaed to the case of uni-
forripressure oa n sin~le-curyed skin, where all curva-
ture is in the direction.o? the panel width and thti
straight elenents are infinitel:~long. Based on an cxc.ct
solution for this case, practical engineering ~ornulas
are dovoloped.for the,skin stress and deflection that arc
due to the co~bin~.tionof tension and pressure over--a -....—

fliveapanel-

Strain ia the suppcrtfn~ structure is tcntativelr
assuncd at the nnxinun allowable v~lue for the no-st”c-iZX-
ical case and readjusted by trial and error for other”
cases.

The effect of initial curvature, stress, and strain
in a riirectioaat riGht angles to the panel width is sp-

it as equivalent to a c~ai~eproxinateclby consiil.ering-
in the effcctivo prcssurc~ The correcte”LvLLluefor””the ‘“
panel deflection is then nade the basis for final stre”sses--
due to all forcf3sexcept shear.

She&r is har.illodby the usual netho~ of principal
str”essesas lozg as the aininu~ stress does not becono
negr.tiveand reach C.,buclcling,ValUQ? , -.. —

The non-uniformity’of pressure and curvature is a
serious pl?O-Dlcr2 only in cases whero the var~ation is large
aloa~ an inp~rtant line of skin stress. For present pur-
poses it is assuaed thnt n ~ean cffectivo vnlue can ?)6?

satisfactorily estinate3. .

Synhols and Initial Assumptions
.,

k ~ >
/—- { ...-

-+” : , ..’~’,’”/

Y ,1/ , \>’ ,
A W

1 \
T ‘..d; ,’iA
G

L T
= X=o=z ‘

Eigeanglesfixedas indicated J Raflius(initial)

.—— ——

—.

7’ .—
Unloadedcontour

elasticallybent

Loadedby uniform R1 —
upwardpressurep ——



,, ..,. -
... ,

WIG.sketch shows”a s&c’tiGn acl$oss”’the”skin’pane”lin
the Rencral“casefor s~n~lo-,curvctldeflection 02 initially
flat skin. All fiathrela,tro.to a’-”l-inchs-trip. The rla-
tcrial is “aSsun”edelastic, hoc6@’necu,s, “i’sot,roy~c,and of
uniforn thl”etiess. ‘TheX-,axispasse’sthrp-aghthe”two
poi~ts cf su~po~t~.one .o,fwh”ich..”istaken,‘h”sthe “origint
Tensile .sttiessand”noncnts prodticingcoa”c.dy5tyupwnrd:. .
arc considered positive. .“

TJc’’sy~?’bclsused in tie analysis.are:
... .

?3-II
p r

h

.,, w’
...

23

T

R

3-.1

1.

J-Aa-xicUn outwa?d ~;rcssurea“ttop of win~ .

net pressure cq~r.ie?by.one conponent of ski; ..-
te.nsion‘ .:, .,

.,
.

skin thickness, as”sur.ed&nhll “dcnparefi*’o L,
illchf3s . . ., -..-

{E h3)—:, ,,i.nch-Found9
L1O.9

. .

skin width o-r.r.ibspaciaflin spant.vise~ircction,
inches-”

in,,aGirec?iioa,pa,r~ll”o~ti”;~o’.thtitiin”~j.chcrd,...
,. ,:..,,, ,. ......
.. ..,”,,,,”‘,,.!., -:,‘i . -...,-f.....

,, .,, -, ‘,.,
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the respective unit initial skin strain in
the saae two directions due to all causes
except exteasion of the skin itself under
normel pressure —

total unit strain in any one direction

hendin~ moment in a l-inch strip of skin’at
any point (X,Y), inch-pounds per inch

bending moment at edge, inch-pounds per inch .._

aaximum ordinate or final total deflection,
inches (assumed small compared to L)

Relation between Ileflectioriand Stress

~or the previously.mentioned condition of negligible
flexural rigidity in tvo principal di~ections but-n.o–*
the elementary balance of forces give-s:”

.
..

.. ,.

shear,
—

...—

-. .—

(1)

Assume that the initi~,lradius in the spqn dir.egtion
RI== aad that r (in the chord dir~ction”)is ‘practi- –

..—__.._

tally coastant and e-qualto the i“niti,alsection radius rl;
the second term of equation (1) is tiostconveniently
handled as a reduction of effebtive pressure. Thus the
net pressure is written as: c ...’

,,.. .,

,,
:,

For a #mall value if-,8/L (parabo3ic arc)

(2)
—

.—
,,-. ..

. .
.“

(3)
—

. . .

,- ,, ..
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Assune that..pt can bedetercined; a second equation.is
then ro::uire?to solve for both T and 6. This equa-
tion is obtained”f-ronthe strain relations.

The”final skin strain in the L .Airectionconsists
of three terns, the first one,due to sk.in..bulgeaad the
other two duc to the initial or the residual strain.
Thus; if the Poisson effect is”.taken into account, the
total uait strain in the skiq,is:

= T(l - Wa)o .K*c”+.L+~,t
Eh, L2

___
(4)

where the geonetric fern co~stant Ke = 8/3 for the as-...
sumed parabolic arc; eL and el are each the algebraic
sun of the total unit strains in the supporting structure,
under “theconditions of loading, plus the residual dif-
ference in strain between the unbulged skin and the”sup-
porting structure.

.
:, .

If
.

w = 0.3 and Ke = 2,67 are substituted.in equa-
tion (4) r

(5)

which, “withequatioa (3), pernits the desired solution of—
8 and T if t can be dqternined, In the usual ca~e in
which t is not d“irectly@q~s.n,it ca~ be considered to
I.e:~adeup of three terms: ~

1. Iacremeat induced ‘DY the ‘deflection 6:”.“Ifcon-.
plete local shear rigidfty is assunod,* adding
to c1 is eqqivaleat to extending t in the
sane proport:i,o.n.”’,,As”this”e~te~sion applies
only to the center ele.h”ent~-fthe panel, a fac-
tor is applied based on the shape of the deflec-
tion curve for the ne,aneffective tension over
the panel as a wholG”.”The”slight changetin R
Is here a second-order effect and can be ne-
.gloctedfor a large value of I/L.

.
. .

*The assunod shear rigid~~’neacs “thatsec-tionscut by
planes nornal to the supporting edges before deflection
renain in the sane ~laae after deflection, The SpZICfll~
of these planes may-changed, however, wi+h strain in the
supporting structure.

*

..

a—

.>

.-

f—
.-

●



NACA Technical IToteNo. 786 21

2. Increcent “inducedby Poisson~s ratio (fron tension
T! in the L ‘direction)..

3. Portion due to relative elori~ationof the SUPmor%-
ing franc in the t direction,aad/or the ini-
tial stretching of the skin (or thernal shrink-
age) sinilar to that whi”chhas already been de-
fined.

The sun of the three itens gives, for w = 0.3, .

KtEn6
t = —+ 0.3T + Ehe,

(6)-––.._
.

‘1 --—

where t is the average effective stress and Kt is a,
f.act~rdependiag on the shape of the deflection-curve.
For a circular arc It = 2/3 and for a straightline Kt = 1.
A cou%ination of equations (6) and (3) for Kt = 2/3 gives:

1.5rlL2(prl - 0.3T - ~he~)
6 = -(7)

12&2T + EhL2

~he ~cthod of sOIUtiOn iS to plot ~ against varying
T fron both equations (5)’‘and(7). The point of intersec-
tion of the two curves is then the correct value of 8 ~nd
T.

Wherever the bend-ing“stressin the “skinis app.rcciable,
equation (1) nust include terns due-to the skin stiffness. .—

By considcriag this stiffness effective in only the L
direction, an adaptation of equation ,(2)expressed in dif-
ferential forrigives, by well-known principles, for snail
deflections:*

d2M T ~4Y ~ d2y
P’=—–= -1- D —,.- _

dx2 P. 2.X4 ~x2

which, for an edge nonent of Me, has the following
ernl solu%i’on:

f f

.

Y’= Clsi,nhx T + Cac~sh X ~+~(L-x)
-*ti ‘Me

5.” D T2 1?

..

gon-
. ..—

. —

(9)
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. -.

—.—. .
2
—p fL

A

411,
~,La ) (10)c?

or for Snall values 4D/TL2
-.

—
——

For .~uchconditions it can readily b$e,shown
(“0)that the ~kifistiff~e~~ is of ne~~igibl
deflection. Hence, with” p? expressed in
J.. {3)$ cquatiou (11) becones ,, .uloil

by”aqua
effect
er=s of

—.

*: .—

e
t

,.
1.218

L J= -. ““

.(12)

9? being.both knbwn fr‘or? equations (5) (8)0

In using eqtiat-ion(12), it nu
th~t fully elastic conditions are
all;”,plr.sticdcfom”gti.onwill tak
stress is high, thus altering the
tiOilto relieve “tk-~noncrititself.

.s
a
:,>
3

t be taken izitu
ssuiif35;”whereas,
place when tbo
nd condition -in. ..,

Ount
tu-
difig
ircc-

,

.. ,

,,

St-ress T:
-.

.—

.

.
b

—

CLr and.

IQ reference 3 the attenpt was nade to e
criticc.1sher.rst~ess nt which skin buakling
Torque tests on a~ iaiti~lly snooth pa”nelsho
that it was pract.i’c~ilyippossiblc’.toii!entif
point with any accuracy &ue apparently to the
Causes:

.a.tethe
s place.
however,

.Obuckling
lowing

!i2heextrene
wrinkles
panel. .

edge tended to buckle
lengthened irerygradu
.. . ,---“.’.,

firs
ally

t, and
across

thes
the

e
skin

IClewrinkling itsel
naterial and to
ling.

f
pr

tended to take up
event any sudde~

slack
increas

in the
e of ‘ouck- _-
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As a result, the skin took far nore than either-the
‘rea.ufrcdor the theoretical critical shear without seri-
ous wrinkling as long as the skin wa’sunbuckled under the
given beaa and pressure loads. Hence’,the,riostinpor~nt
theoretical criterions seen.to be t~e cond”itiohsth-a%–—
cause edge buckling along the rib attachments and those
that cause the skin t-oslack in a sp”anwisedirec”t~on. rn “-
order to avoid the buckling of the edge .—

0.3T + Ehel> O (13)
.

and to avoid spanwise slack

T> O (14)

IfT=O in equatiofis(5) and (7) and if terns of
a low order of nagnitudo are onit,ted,equation (14) can
alternatively 3e expressed by the criterion:

.
eL + 0.3et> O (15)

..

which is independent of pressure except as reflcc”tedin
the relatively snail second tern.

....—
——

With the assumed inability of the skin to take com-
pression, equation (15) nakes T = O; then from equation
(2), t = p/rl and a definite buckling occurs whether or

-.

not there is shear in the skin.

The unit initial skiu strain, e% is due to the
stress in the rib flange, which for preliminary design
purposes can be -assumedat a given safe valuo and the rib
can be designed to ‘correspond. The actual force in the”- “-
rib flange can be computed,by the usual method, subject

......

to an increnent --tL due to the skin tension.

If Afb is the beam flange stress (compression posi-
tive)* under which the skin is applied, f~; is the fintil
bean flange stress (te~sion positive) under static loads
and n is the load factors

..

*Considered as positivo froriia standpoint of skin tension.
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If (17) .

fron equatiofi(25), for preliminary analysis.
.

IIIother words, to avoid spanwise buckling of a sur-
face with su~staatial conve~-curvature in the chord di-

.

rection, ‘itwill usually be sufficient-to apply the other.-
wiee unstressed skin while the bean”flange is stressed to
correspond to the assigned loadingy provided that the skin
can be applied just taut and them is no creep in the ma-
tzri+al.

In aa analysis o<’the center skin panel_on top of the
wing, under water load, X (effective) Caa bo taken at
26,000,000 pounds per squars inch,

-.
and fron data already

gives:
.-

~ib spacing, L = 23.5 inche”s .-

Skin thickness~ h = 0.005 inch
-.

-*

Surface radius; r = 40”inches
.-

13eimstress, ,fb
.x

= 10,800 jounds per s~-uar’einch
1 (static)

Water density, 0.036i pound
.=

par cubic Inch

As already explained,
.

the skin hecani?slack at .Gbout
n= 1.34.

This re.duc.tionfron tho assunei load factor of 1-6
made Afb + nfbl = 10,eoo (1.34 - 1.60) in eqvzztion(17);

then T = O mad t = pr = 40p. Fron the fornula given
under Test Conditions, for fLwatorhoa.d E = 0“ and a = ;
0.026 (cozmosponding to atmospheric internal pressure),

.

the pressure at t,hetop of the wing (at ,0.30c),is: pn = ..
0.200 + 0.025 = b-;2.25pound ge.rsq:aar”ei~ch; c.nd t =
4opn = 9.0 paunds per inch. The Increnont of rib-flange .

forco due to t is Lt = 211 pounds, to which-~~-uktbe . ..
added a net l“iheflangeforce AP~, due to prossuro and *-
torque reactions, to get the total force P~.
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Bean.“ ,/Shear Rear\i
v.eb‘~ ;’center

IF
spar‘

0.30C 1.O.33C o.8&c
.-

~ro~ ~he s~e~ch,the net- rib-flange fOrcQ* APR =

P~ - Lt just to the rear of 0.30c, is deterninetlby
put”tingits nonent in equiltbriun, about O, with tho no”= —

. ment due to the water weight: pw~ II= 0.0361 L Al’Z’[,that
?!UGto thc”waterhcad: .—

P~y = ‘(=+~)0.03611L \ 2 3 --

~.ndthe torquo increnorit”carried by tho wing ,coveriag(taken ““
as 0.couple):

AMT = -Oe0361LA~Ali/.%

where Ho is..tke waterhead.(inches) at point O; A and
A= are, respectively; the “areaaid “thefirst nonent of
area about the,’shear cehter; of the airfoil cross section;
Al and ~!~? are the arena“and’tilefirst nonent of area,
about .0 of th~ nose portior.of “the airfoil 3ack to O“;
A !1 and A tl~11are the area an~ the first nonent of area
about O of the portion of the rih fron O back to the
rear spar; and Z1 is the depth of section at 0. These
areas aad arns are evaluated fron fi~ure ‘7- . .

The nonent balance about O thus calculated nay then
be expressed as ..”

(
-HOZ12, “ “213

)

.—

APRZ~ = 0a0361L + ~~lf + ~rr~
2“”7

-.._. —
..
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frou which the net flange for.c~ APR = 100 pounds compres-
sion; to this force must be “addedan incre~ent-of 211
pounds clueto skin tension, which makes a,total ri3 flfinge
force

.,.
PR = 311 pounds conprosslo~. The-section area of

rib flan~e AR = 0.025 squaio “inch. Tfienthe rib strcs-s
is fR=” -PR/AR = 12,400 pounds per.square inch, and ‘1 =
fR/E = -0.0004s, which is will below the ValUO Of el = O
alre@.Y assuned in,equation (i5), thereby confirninflthe
tentativo value of T = O and the observed snail wrinkles
under tho sane conditions.

.

-.-

—

—

TOZ.,gS:cillpanel ~Trj,nkledinto LLgeneral tensionfield,
a nodified type of .a~alysisis,r.equlre~.

Discuss-ionof Exanple
——

If theSO ValUOS Of t and Q1 are “usad,and = 2/3, ‘-rKt . —-
in equatioa (6), 6 = 0.039 ir.ch.‘Thisvalue conpa,reswith
n measured deflection of 0.062 inch tinderoq”uivalent--condi-
tions, It is believed that the snail nhsolute difference
is mainly due to vertical”:caatilover deflection, under load,
of the front and rear mortfion.sof:the ribs and to angular-
ity of the nar~inal wrinkles. Xore coaplete neasurenents”
would 30 required to check this supposition.

~he thecry,withoittfurther correction, ii apparently
adequato to predict the conditions under which wrinkliug.. .
will occur.

If it is assuned that all torque shear is cfirriodIn
the skin and the trail.~ngadge,~p~rl tka stc.ndardfornulas
for torque and fiwist&ive a torque shear in -theskin of
510 pounds per squ~<ro‘inchfof’a torque ‘-of”’lOOQ”inch-pounds.
A corJputatioa.for t~.c:cor.~e.~.p.on~i~~twist,gives 0.0025
radian in the p~:nell’en~%h,of“’70,5.inch’es.~..W-liiChconpr.ros
well with t~Leobserved values.. s :‘:

,. ,,
This agree,nentshows,.thatthe naxi~uni~wist in “the

wat~r-loaded c.?ncLitilo.nis’st.illnot cppracio;bleygreater
th~ilin the unwrinkled skin aloi]c.”.Without dater, the
twist iilcren.a~tfor the sane -t~r”q.wwas .zibouirdoublethat
of the ncntionet.Valuc$ which fits well the assunpttin that
in such a case the skin”slzcaris carried by tension in oao .
di.nGonalonly. Thus, uader a~y practicaLJli@t load con-
ditions the torque rigidity is s,ubst~ntiallygroatcr thnn
woulclbe apparent fron con-vention~llabo~atory~t=o’stsin
which the skin would be free to”“buckle.

.

u.

s’

.
—

.—

:

—

-—

—
a

.

*
-.
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~igure 5.-View showingthe in-
ternalstructureof
the wing.

Figure11.- Topskinbulgeun-
der limitload of

CM conditionIIIwith %ero in-
ternalpressure.

Figure 13..-Topm.rfaceofwing
underhalf-limit

load of condition111with Eero
internalpressure.

31gE.5,9,11,12,13,14.

lillif=-“””,,.-—,--,..;:..-
Eigure 9.- Bottomsurfaceof

wingunderhalf-
limitload of condition111with
~eropreaaure,Showingtension
wrinkles.

Figure12.-Topskinbulgeunder
limitload of CM

conditionIIIwithfulldynam-
ic pressure.

Figure 14.-!fopsurfaceofwing
afterbeam failure

undera combination
and ehotloading.
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